Introduction
Seafloor sediments in shallow water areas are most often characterized by strong variability, both in terms of sediment properties and of layer thickness. Seismic surveying is currently used for determining layer thickness variability along selected tracks while the morphological changes of the different strata are estimated from a number of in-situ samples (typically cores) strategically placed along the tracks. Employing seismic surveying and coring for exploring extensive areas is, in general, a very expensive and time consuming task. A possible way to circumvent this problem is to extend the concept of the existing seismic survey systems and attempt to directly invert the acoustic field received on a towed array of hydrophones avoiding the need for coring. Inversion of acoustic returns for estimating sea-bottom geoacoustic parameters has been proposed by Frisk et al. [I] and then attempted with different approaches and in various environments by others [a] - [4] .
An overview of the work done to date in this field can be found in [5] and in the references therein.
The approach discussed here differs from most conimon approaches proposed to date both in the system geometry and in its mode of operation. In particular, the use of an horizontal line array and a sound source towed by the same ship imposes a constant source-receiver range and physical limitations in the usable array aperture for safe operation in shallow water. Another important difference is that the bottom reflected acoustic field measured a t a given instant in time corresponds to a limited seafloor portion between the source and the receiving hydrophone array allowing, under a successful inversion, for a spatially localized geoacoustic estimate. This is in contrast with most of the methods described in the literature that provide average geoacoustic estimates over several kilometers.
There are two major issues in this approach: one is the feasibility of acoustic inversion with a limited aperture line array, the other is the need for a precise knowledge of the geometry of the experimental configuration and, in particular, for the relative position of each receiver in the array with respect to the sound source. To test the feasibility of this approach, a towed array, consisting of 40 hydrophones at 4 meter spacing, together with a low-frequency acoustic source, was operated in a shallow water site in the Strait of Sicily along a selected track. This 156 meter aperture array was equipped with a set of non-acoustic positioning sensors (compasses, tiltmeters, pressure gauges) in order to estimate the array deformation in real time, and to estimate the source -receiver geometry. Using the estimated geometry and the available environmental information, the acoustic data were inverted using two complementary approaches: a genetic algorithm (GA) and a radial basis function (RBF) inversion scheme. The results obtained by the GA inversion have been partially reported in [6] , [IO] ; in this work, due to space constraints, we will restrict ourselves to the description of the experiment and to the results obtained with the RBF inversion.
The paper is organized as follows: the next Section presents a full description of the sea trial and the measureiiients performed a t the experimental site, including tlie non-acoustic sensor positioning data. Section 3 deals 0-7803-3519-8196 $5.00 0 1996 IEEEwith the data inversion methods and seafloor model identification. Section 4 shows and discusses some of the results obtained at the Adventure Bank site in the Strait of Sicily sible to build, for every 3 seconds interval, the received acoustic field at the hydrophone positions. In the following we refer to this data as the "snapshot" area. m/s near the bottom. The towed array was equipped with both acoustic and non acoustic sensors. The acoustic portion of the array consisted of 40 omnidirectional hydrophones with a spacing of 4 meters including adjustable pre-filtering and acquisition rate. The non acoustic sensors is described later in the paper. The array was towed at a 'peed Of knots and at ' depth Of water depth along the track showed two distinct portions:
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In order to assess the potential of the proposed methodology, independent geoacoustic measurements have been Were taken along the track, however with very poor penetration ( m a 1.1 m). The cores were analyzed in the laboratory once back from the cruise, and P wave velocity, grain size, porosity, wet density and carbonate content obtained. As a general description, the bottom in the area can be considered as mostly composed by carbonate sand, with a thin cover of sandy silt [7] . The above mentioned measurements have been used with Hamilton's correlation tables and regression curves [9] . The ground truth Hamiltonian model thus obtained is reported in Table 1 , where the depth referred to is at the location of the geophone array.
Non-acoustic sensor positioning data
The sensor positioning data was obtained from 6 recording modules, each one composed of one tiltmeter and one compass, placed inside the array at regular intervals. In the head and tail modules there were also pressure gauges for depth monitoring. All the sensor positibning system information was cabled to the tow ship, digitized, processed, and displayed in real time. The procedure used was simply based on recording the horizontal (compass) and vertical (tiltmeter) deviations from a reference hydrophone, and on a polynomial interpolation scheme to obtain the shape deformation between the module positions. As an example, Figure 2 shows the at sea recorded array deformations before, during, and after a 180 degrees ship turn. It can be noted that, in general, the array is never straight or horizontal even when the ship is steaming along a straight line.
Using the time information, the estimated array shape deformation is correlated to the acoustic field snapshots, so that each snapshot during a run is associated to a set of hydrophone positions.
Data inversion
The data used for the estimation of the seafloor parameters are the acoustic field snapshots obtained from the CW signals transmitted as described in Section 2. By inverting each snapshot at a time, one gets a series of estimated geoaocustic parameters as a function of time along the surveyed track. One well-known character of the data inversion is that it is a strongly non-linear optimization problem; moreover, since an inverse problem has to be solved for each snapshot, the computation of the inverse solution over all the runs becomes very demanding from a numerical point of view.
To deal more efficiently with the computational complexity of the problem, we have tested two alternative methods. In the first, a matched-field-like objective function is maximized with a genetic algorithm (GA). In the second, a regular approximation of the non-linear inverse function is determined as a series of radial basis functions (RBF).
Both methods have been discussed in general elsewhere [lo] , [6] , [ll] , [la] . Here we focus only on the RBF results, and on some of the diffculties encountered in the application of the method to the specific set of data acquired.
The SAFARI/OASES code [13] has been used as the numerical engine for the computation of the forward problem, and, in our current implementation, only the amplitude of the acoustic field is used in the RBF inversion, while the phase is not exploited.
The RBF technique is based on the idea of approximating the inverse function through a series of basis functions belonging to the RBF class. This approach is similar to some popular "neural networks" schemes, and it has been described in [ll] , [12] . In the context ofour application, if the geometry of the experiment is kept constant, the RBF inversion require much less forward model iterations than global search to invert the snapshots of the various runs.
In our current implementation of the RBF method we are not able to handle efficiently layer thickness as a search parameter. So our decision has been to fix a priori the layer thickness and the number of layers. This has been done by considering, for any given frequency w , the maximum penetration, z, = A, and the maximum resolution, h, = A/3, expected at that frequency. The layer thickness is then fixed as h,, and the number of layers as z,/h,.
For modelling purposes, the last layer is treated as an infinite half-space, however, the results are not considered valid beyond the z, depth. Note that this is a "rule of thumb", in the sense that we have found in simulations [7] , [ll] that the method is in general very poorly sensitive to seafloor parameters below the cut-off depth z,, and it is not able to resolve layers of thickness smaller than h,. Of course, caution must be taken in generalizing this rule: a hard rock layer placed at a depth just below h, will have a strong effect on the acoustic field and in the inversion result; however, this is not the case for the data discussed here.
The RBF scheme is efficient if the same approximat-with a given geometrical configuration. The movement of the array under tow precludes the use of the same geometwhen the water depth and the sound speed profile in the water are constant. However, the movement does have some periodicity, so that the same position is repeated rical information for all the data sets of the same run, even one meter (for any of the hydrophone positions). Once the data have been divided into different clusters, each cluster is characterized by a mean receiver array position computed by averaging for each hydrophone the position of the elements belonging t o the cluster. By using the averaged positions, an RBF inverse function can be determined for each cluster, and the data belonging to the same cluster are processed by the same RBF inverse. With the data gathered in the experiment, it has been possible to divide roughly every run of 100 snapshots in five homogeneous clusters. This means that, knowing that 900 forward model runs were used for the computation of the RBF inverse of each of t8he five clusters, a total number of 4,500 model runs were needed to invert each data run of 100 snapshots. Just for comparison, if a fast global search strategy, requiring about 1000 forward model iterarion, had been adopted to invert the data snapshot by snapshot, a total number of 100,000 forward model runs would be obtained. 
Results discussion
In Table 3 we report the results obtained at approximately the same position of the geophone array and coring station. This allows to compare these results directly with those of Table 2 .
The results in Table 2 have been obtained by averaging fifteen snapshots of the 110 Hz acoustic field beloiiging to the same cluster, acquired over a range of approximately 600m along the track. The variance is also reported to assess the reliability of the result. Over this portion of the track, the environment is in fact fairly expected to be indipendent. When comparing the RBF results with the reference model, it is fair to say that there is indeed a good qualitative agreement between the ground truth model and the inversion results. The agreement is also quantitative for what concern the first 10m within the sediment, while the compressional velocity in the 10-15 meter depth region is consistently higher in the case of RBF inversion (about 1850 m/s, vs. 1610-1700 m/s of the ground truth). This difference cannot be accounted for the uncertainties in the RBF approximation only. However, it is not easy to establish the cause; while the RBF high velocity estimate is consistent along the track, the ground truth model a t that depth has been obtained just by application of Hamilton's curves. A previous experiment in the Adventure Bank area has shown, at least for shear waves, that the in situ velocity is closer to the spread in Hamilton's regression curves for gravel than to that for coarse sand [SI. Whether this may be due to diagenetic phenomena linked with the rich content of calcium carbonate found in this area we are not able to assess.
The conclusion is that there is a consistent quantitative agreement in the results obtained in the first 10m of sediment, while there is a systematic difference between the ground truth model and the RBF inversion results in the 10-15 meter depth region. This difference does not change the qualitative character of both models, that are still in agreement, but we are not able to account for it with the data presented.
Conclusion and future trends
This paper describes the experimental results obtained by trying to estimate a geoacoustic model of the bottom using a moderate aperture towed array in shallow water and inverting the received acoustic field with global search strategies. One crucial aspect of the method proposed is the monitoring in real time of the receiving array shape. The results obtained are in good qualitative and, up to a certain extent, quantitative agreement with an independent seafloor reference model obtained by combining in situ measurement with Hamilton's tabulations. As a feasibility test, we can safely state that the experiment can be considered succesfull. However, we are aware that several improvements are needed t o obtain better performance in future operations. We would like at this point to briefly mention those on which we are currently working.
e Array motion estima2ion:the correct monitoring of the array shape is critical to the success of the method. One possibile way to improve the monitoring of the array shape is to couple the measurements with a dynamic model of the array motion.
e Data inversion: Different inversion strategies may be considered. One possibility is to use a global search method at the beginning of the track. The model thus obtained can be used as the background model when inverting for the subsequent data, using a local method in the fashion of [3]. When the variation from the background model starts to become greater than a certain amount (using a pre-specified measure), a new global search can be started, to recalibrate the local method. In this way, a combination of global and local methods would be obtained for the inversion of the whole acoustic track.
e Resolution and penetration within the bottom: both resolution and penetration depend on the source frequency transmitted. The transmission of multiple frequencies simultaneously (say, for instance, ten tones from 50 to 500 Hz) may help in increasing both penetration and resolution at the same time, and also in obtaining a more robust geoacoustic estimate. 
